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Abstract 

SAFEST (Severe Accident Facilities for European Safety Targets) is a 54- month EURATOM 

FP7-supported European Integrated Research Infrastructure Initiative for increased safety of 

nuclear systems at EU level with 8 European members and CLADS/JAEA, Japan. It has the aim 

of organizing member’s facilities to make co-ordinated planning and experimentation in severe 

accident research based upon the most recent evaluation of the current research priorities. There 

are currently 19 high priority issues relating to the behaviour of the melted material (corium). The 

research areas involved are: In-vessel corium and debris behaviour, Ex-vessel corium & debris 

behaviour and Corium properties  

This presentation will describe CLADS/JAEA contribution which is the JAPAN corium research 

road-map prepared under SAFEST and some of experimental facilities being developed by the 

CLADS/JAEA and other partners of particular relevance to its Fukushima Dai-ichi 

decommissioning and remediation operational support. It will also give the first results of this 

research work particularly for B4C behaviour in the bundle and concrete corium interactions and 

its implications for the degradation in units 1-3 at Fukushima Dai-Ichi. 

 

Keywords: SAFEST, Severe Accidents, Research infrastructure, JAEA-CLADS, 

Decommissioning 

1. INTRODUCTION 

The Severe Accident Research NETworks 1 & 2 (SARNET) were set up to co-ordinate and 

maintain competence and expertise in nuclear safety in Europe in particular severe accident 

research, because of its large costs and international impacts, and also following events at TMI-

2, Chernobyl and later Fukushima Dai-Ichi, that triggered the EU reactor stress tests. SARNET 

was initially set up under an EC Framework programme, but was continued under the 

NUGENIA community as Technical Area 2 (TA2- Severe Accidents) for GEN II & III reactors 

[1,2]. The SAFEST project (Severe Accident Facilities for European Safety Targets) was started 

in July 2014; it is a 54- month EURATOM FP7-supported European Integrated Research 

Infrastructure Initiative for increased safety of nuclear systems at EU level [3].  

The programme was to improve the severe accident infrastructures within Europe and make a 

step towards creating a pan-European laboratory and to identify and make progress on the 

highest priority issues in accident analysis and corium properties and behaviour, for both in-

vessel and ex-vessel issues.  
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CLADS (Collaborative Laboratory for Advanced Decommissioning Science) was set -up in JAEA 

(Japan Atomic Energy Agency) following the accident at Fukushima Dai-Ichi with the objective 

of providing scientific and technical support to the clearance operations at Fukushima site. 

CLADS/JAEA joined the SAFEST project at the end of 2017 with the aim of collaborating with 

the European institutes and expanding its research activities and achieving the broadest possible 

scientific base to its programme. 

The programme included road-mapping of SA research in different areas of the world and a re-

evaluation of the current overall research priorities for SA research determined under 

NUGENIA. It was also intended to boost the interaction between participants. This included a 

fund to help make key improvements/upgrades in specialist equipment and also to fund 

proposals of research work using the members facilities to investigate key problems in areas of 

corium structure, behaviour or coolability. The proposals could be from members of external 

interested parties (eg .safety authorities). An experimental and the dissemination of knowledge 

programme allowed traineeships from external organisations and personnel exchanges between 

project members, as well as holding specialist workshops and seminars for SA research and s 

experimentation. In addition, presentations and publications were made for the specialists and 

wider scientific public. 

These aims were reflected in 5 main work packages of the project, which were: 

- WP1 Project Management (MANAG) 

- WP2 Development of research roadmaps (DRR) 

- WP3 Distributed research infrastructure (DRI) 

- WP4 Upgrading the capacity of facilities and increasing the quality of R&D (UCF) 

- WP5 Preserving and disseminating the knowledge (PDK) 

 

The members of the project were CEA, Cadarache JRC-KA Karlsruhe, UJV-Rez, KTH- 

Stockholm, KIT-Karlsruhe, MTA-EK-Budapest, Framatome GmbH, Erlangen and SCK-CEN 

Mol. This represented a balance between university institutions, large research institutes and an 

industrial partner.  

CLADS had a programme of facilities construction to examine its particular severe accident 

research priorities and offered these facilities to carry out tests complementary to those being 

carried out under the experimental programme (WP3 research infrastructure (DRI) & WP4 

improving experimental capacity & improving R & D (UCF)). Facilities constructed by CLADS 

include a new furnace for testing BWR fuel assemblies, and a new experimental furnace for 

examination of corium concrete interaction mechanism (see section 3). In addition, CLADS 

contributed to the road-map development (DRR) with the Japan-EU road-map (and was 

contributing before CLADS officially joined SAFEST). 

 

2.1. Development of Research Roadmaps (WP2) 

 

The objective of the road-maps was to develop a common vision for the future research 

programmes taking account of the specific needs of that area 

 

2.1.1 Joint Fukushima experimental research roadmap with Japan 

 

Prior to joining SAFEST, CLADS and other Japanese research and safety authorities had already 

been in contact with the various European research institutes to promote new or extend existing 
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joint R&D activities as well as to solicit scientific and technical support from the EU for 

Fukushima-relevant areas.  

A specific evaluation of the Japanese research priorities (or SARP = Severe Accident Research 

Priorities) was carried out along with a comparison of Japanese and EU priorities and this was 

led jointly by CLADS and KTH. The joint road map was completed and delivered by KTH in 

autumn 2018. A publication based on this Japan-EU evaluation and the activities in corium 

behaviour has been submitted [4]. The main priorities are evidently safety issues of existing and 

future LWRs and Fukushima decommissioning issues. Specific issues for Fukushima include salt 

water corrosion in reactor vessel containment, hydrogen behaviour, B4C behaviour in BWR’s 

(also of interest to Nordic BWRs), and fuel debris retrieval. These are potential topics for EU -

Japan collaboration in addition to the work carried out under the SAFEST project. [5]. This EU-

SARP re-evaluation also includes topics prioritised in the Japan-EU road-map such as spent fuel 

pool or BWR geometry issues. It indicates how similar many of remaining priorities and longer-

term issues are between Japan & the EU but also shows the common interest to maximise the 

learning from Fukushima.  

 

2.1.2 Other road-maps 

The final road-map was that related to  

In addition to the EU-Japan experimental research roadmap, 3 other road-maps were made. The 

first was the EU experimental research roadmap, concentrating on the corium aspects and 

knowledge and experimental gaps for the next 5 years edited by CEA, Cadarache [6] and based 

on the latest SARNET SARP of the NUGENIA Technical Area 2 priorities and issues identified 

by European stress tests and Fukushima-Daiichi accident. A first version was published in open 

literature as well as experimental reports [7].  

The second roadmap was the joint EURATOM-ROSATOM roadmap that is important given the 

many that VVER’s are in Eastern Europe and Russia. Rosatom has performed a considerable 

amount of severe accident R &D for all reactor types (specifically on the core catchers) but there 

was much carried out under the ISTC (International Science and Technology Centre) programme 

[8]. 

The third roadmap was the safety research roadmap for the next generation plants. It is based on 

the relevant research experience built up from GEN-II & III reactors as well as the specific GEN-

IV reactor systems (eg. MYRRHA (fast accelerator-driven system with LBE coolant), ASTRID 

(sodium fast reactor), ALFRED (lead fast reactor) & ALLEGRO (Gas-cooled fast reactor). 

 

2.1 WP3 Experiments in the Distributed research infrastructure (DRI) 

 

A number of experiments were carried out by the SAFEST partners; these were mainly in the 3 

following fields: a) in -vessel corium and debris behaviour, b) ex-vessel corium and debris 

behaviour c) corium properties. 2 calls for proposals were made in Oct. 14 and in Nov. 15. These 

resulted in a set of 16 experiments being made, that are being detailed in other papers presented 

at this conference and elsewhere [3,7]. CLADS interests were particularly oriented to the initial 

observations that the reactor vessels had failed and that the lower geometry of the BWR reactor 

vessel has a strong influence on the melt dispersion, as well as the fact that considerable melt 

interaction with concrete (MCCI) of the lower confinement or pressured containment vessel 

(PCV) has occurred. Thus, examination of the BWR bundle degradation (with its high level and 
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special design of B4C) as well as further investigation of MCCI mechanism in a BWR reactor, 

are high priorities for CLADS.  

Among the experiments of interest  is a) the CODEX-AIT-3 test; this air ingress test is 

performed on a small (6 rod) bundle with steam & O2 starvation without quench at MTA-EK, 

Budapest, b) the QUENCH -20 Test at KIT on a 20 BWR fuel-rod simulator (using ZrO2 pellets) 

and B4C control rods in a blade configuration and tests the whole bundle’s behaviour during 

oxidation, heat-up and quenching; c) FRAMATOME GmbH (ex-AREVA) which uses the cold 

crucible SICOPS facility to investigate MCCI interactions for BWR Zr-rich corium 

compositions; d) UJV Rez with the Cometa cold crucible facility to carry out the tests on kinetics 

of UO2 with B interactions (KUBI).  

All 4 facilities and test results are of particular relevance to CLADS research programme in 

support of Fukushima Dai-Ichi decommissioning R&D project. The CODEX Air ingress test 

examines cladding conditions thought to have existed in the unit 1 of Fukushima Dai-Ichi. The 

QUENCH 20-test will be a parallel test to the CLADS MADE-01 test examining the effects of 

B4C control blade with a slightly different bundle geometry (see next section). The 

FRAMATOME SICOPS melting of BWR-Zr-rich compositions will relate to the expected 

MCCI compositions expected at the foot of the reactor vessel or the pressure containment vessel 

of Fukushima Dai-Ichi units, while the KUBI tests represent small but important tests on the high 

temperature interactions of B4C with UO2 & Zr (In -vessel corium), This data will provide 

important information about hard boride or carbide formation and will help in the extraction of 

large hardened debris material during decommissioning. The comparison of this data with 

CLADS MADE- tests as well as earlier PWR geometry testing (eg. QUENCH) will be extremely 

valuable for identifying the key phenomena for the Fukushima Daiichi reactor accidents, when 

the full results become available.  

 

3 CLADS Severe Accident Facilities 

Since its formation the CLADS laboratory has been setting up small and medium scale test 

facilities. It is linked to the Naraha Research & Development Centre for the development of 

remote control instrumentation, and development of robotic devices for sensing scanning and 

sampling in high radiation fields within the reactor containment either above or underwater. 

CLADS is also linked to the Okuma Analysis and Research Centre on the edge of the IF site 

which is intended for the analysis of sampling as well as the fuel debris treatment and placement 

in containers for storage. It was intended that CLADS could not only perform their own 

experiments to pursue its own support to Fukushima decommissioning and severe accident 

research and management measures but also can be open for proposals from European 

organizations for joint testing as foreseen under SAFEST and other European access schemes. 

CLADS has programs on fuel debris behaviour and ageing mechanisms of particles, behaviour of 

microscopic radioactive particles, development of hydrogen safety engineering, and analysis of 

corrosion under radiation fields. Under the fuel debris characterization programme they have test 

facilities for BWR control blade degradation and for core melting & relocation testing and 

observation. There is also a laser heating and light concentration heating devices to obtain data 

on the melting characteristics of the corium-concrete interactions. The following sections will 

give more details about these devices.  
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3.1 Laser Heating Facility 

The Laser heating facility (LAHF) has been constructed to provide efficient local heating to very 

high temperatures to precise positions. The motivation for this was originally the need for high 

temperature data on steam oxidation characteristics of fuel and cladding materials such as 

Zircaloy, steels and accident tolerant fuels such as SiC and FeCrAl (+Y), but it is also applicable 

to U-Zr-O coria interactions with concrete (MCCI) and the effects of sea salt deposits). As a 

small-scale facility, it can also provide data on the corium melt- concrete interaction under 

controlled conditions, particularly on the layered formations of corium melt on salt coated 

concrete, and assist the understanding of the melt interactions likely to be found in the lower 

containment or PCV of the Fukushima Daiichi units [9, 10]. The facility can go to 1800°C under 

controlled atmospheres, including steam, and also H2- containing atmospheres to represent steam 

starvation conditions [11]. There is also a gas chromatograph to enable the analysis of the 

exhaust gas and make quantitative measurements of the corrosion or degradation rates of the 

alloys or materials (Fig. 1a) &1b)). 

  
a)        b)  

Figure 1 a) View of LAser Heating Facility (LAHF) Figure 1b) Schematic diagram of the LAHF 

 

 

a)     b)      c) 

Figure 2 Appearance of SiC sample (a) before and after exposure in steam at (b) 1700ºC for 3 h. 

c) Exhaust gas analysis of the experiment showing steam oxidation of the SiC and H2 production 

starting after 90 mins at 1700°C. 

 

(a) 

2 mm 

(b) 

2 mm 
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Fig. 3. Field emission scanning electron microscope image (a) shows cross-sectional view of 

CVD-SiC sample after steam oxidation at 1700ºC for 3 h.  EDS maps of (b) oxygen, and (c) 

silicon taken from the same area are also shown. 

 

As an example, results of the device show the effect of steam on SiC plates at 1700°C for 3 

hours (Fig. 2a &2 b) The surface appears to be roughened. The exhaust gas analysis in Fig2c) 

shows the presence of H2 and CO traces and indicates the SiC plate is undergoing steam 

oxidation to make SiO2 and H2, with little CO formation in a side reaction. The oxidation starts 

after 90 mins at 1700°C, but is very slowly decreasing with time.  

The cross-sectional appearance (Fig. 3) reveals a compact and probably still protective oxide 

layer of SiO2 formed by steam oxidation of the SiC. Approximately 5µm depth of oxidation has 

occurred after 3 hours at 1700°C [11], this naturally does not allow for any surface volatilization. 

 

 
Fig. 4 In-situ observation of bubbles formation on SiC at 1800°C in steam 

 

At 1800°C there is evidence of bubble formation (see Fig.4) after only 2 mins and is substantial 

after one hour. It is known that SiO2 is melting by this temperature (mp ~1700°C [12]) and also 

that steam can oxidise SiO2 to volatile Si(OH)4. However, for the bubble formation it has been 

surmised that either the SiO2 layer is permeable to the steam or that there is steam or O transport 

across the SiO2 layer in a form such as hydroxyl ions. The oxidant (in whatever form) in contact 

with the inner SiC surface can produce further SiO2 with H2 and CO, these gases build up 

pressure and deform the softened SiO2 film to create bubbles. This delamination will be 

additional to the SiC corrosion, so that it can limit the life of this cladding material at 

temperatures above 1700°C. This experimentation, although aimed at determining the behaviour 

of SiC as a cladding, also indicates some of the concrete degradation mechanisms in steam at 

high temperature, and also the condition of the concrete pedestal in the F1 units’ containments, 

close to the corium interaction zones. 

 

3.2 Light Concentrating Furnace- Studies on MCCI interactions 

CLADS has also designed and constructed a new light furnace to examine the interactions 

between concrete and corium, in order to advance its understanding of MCCI interactions 
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Figure 5 Light concentrating furnace for use in melt corium-concrete interaction testing. 

The Furnace (see Figure 5) uses a 3 kW xenon light covered by a reflector to concentrate the 

light onto the sample placed at the focal point of the parabolic mirror [13, 14]. 

The particular advantage of this furnace was the possibility of very high heating rates to a small 

surface under controlled atmosphere, ratios of reactants and their layering. The closer control of 

the conditions is complementary to the larger scale testing of MCCI interactions and enables 

more information about the mechanism compared to the larger facilities. The sample was a 

pelletised corium mixture based on a equimolar (U,Zr)O2 corium with zircaloy/stainless 

steel/B4C absorber with one simulant fission product (Gd2O3) and 5-metal precipitates (that are 

observed in irradiated fuels) along with sea salt. The ratios replicated those expected from the 

Fukushima Dai-Ichi reactor design and inventory. The sample was placed on a powder layer of 

the same corium on the top of a roughly cylindrical piece of concrete in a stainless steel 

container (see Figure 6).  

 

 

 

 

Figure 6(a) Diagram of MCCI sample of core 

materials in solid and powder form on top of the concrete in a stainless steel crucible; 6b) 

photos of samples (b) left-hand: before heating and right-hand: after heating. 

 

10.2mm

25mm

Core materials sample 
(tablet, ~1.5g) 

Concrete 

(Basaltic, ~20g) 

S.S. container 

Core materials sample 

(Insulation powder) 

10.2mm 

25mm 

a) b) 

Material mixture: 

(U0.5Zr0.5)O2/Zr/S.S./B4C/GdO1.5/PGM* 

(60:15:14:3:5:3wt% ), sea salt 

*Pt -group metals (Mo/Ru/Rh/Pd) 
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Figure 6 illustrates the sample construction; the heating from the focussed laser comes from 

above, onto the corium pellet (the intermediate powder layer provided insulation and maximised 

the amount of corium melted). This simulates the decay heat of the corium degrading the 

concrete under accident conditions. The sample was heated to an estimated 2500 °C for a time 

long enough to ensure the heating of the corium to a fully liquid state and for this to interact with 

the concrete piece and powder below. 

 

 

 

 

 

 

 

 

 

Figure 7 a) Cross-section of the melted corium sample after interaction with the basaltic 

concrete, simulating the expected MCCI interaction b) closer view of the fully molten zone. 

 

Figure 7a) shows a cross-section of the MCCI test using simulated corium and concrete typical 

of that used at the Fukushima Dai-Ichi site. The original surface has sunken compared to the 

original due to the loss in powder volume during melting. There is a glassy melted zone above 

the melting line. At the bottom of the zone there is also a metallic inclusion that is derived from 

the platinum group metals that were dispersed as fission product simulants in the corium 

mixture. At deeper positions the original concrete structure is seen. In figure 7b) the analysis 

shows principally a 2 -phase structure of a heavy U, Zr and Fe-based oxide and a silicate glass-

based phase, containing small quantities of fuel & cladding components (U, Zr & Gd). The 

heavier component (lighter in the SEM micrograph in fig 7b) also contains Ca from the concrete 

phase. Despite the melting and full mixing of corium and concrete phases during heating, there is 

a separation upon solidification into heavier U, Zr-based phases and silicate-based concrete 

phases with only limited content of the elements of the other phase. The role of the chloride is as 

yet unclear but is probably lost by volatilisation. This result of separation into 2 mixed phases, 

oxides dominated by fuel elements (U, Zr) and oxide dominated by Si, Ca elements corresponds 

to results from other MCCI work [15]. However, work on the UO2-SiO2 shows that mixed 

uranium silicates can form under MCCI interaction; these viscous phases will dominate the flow 

behaviour of the melts [16]. Work is continuing in this area both in the CLADS and other 

SAFEST laboratories as well as elsewhere. 

 

3.3 B4C Control blade testing facilities 

CLADS has constructed 2 devices to examine the specific behaviour of BWR fuel assemblies 

and in particular the degradation of the B4C control blades that contain the B4C granules in 

stainless steel cladding. Already earlier work in the CORA facilities had shown the impact of the 

stainless steel interactions on the degradation in BWR bundles; especially for the BWRs in 

Fukushima Dai-Ichi with the larger amounts of B4C [17, 18]. There will soon be a QUENCH -20 

test which simulates conditions expected for a Nordic BWR (also with high B4C presence) but 

without the steam starvation conditions expected in CLADS MADE-01. Thus, the comparison of 

the CLADS test with the QUENCH-20 test will enable some conclusion to be drawn about the 

a) 

20μm

Silicate glass with 
U, Zr, Gd 

(U,Zr,Gd,Fe,Ca)O2  
b) 
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effects of a) steam starvation during the accident on degradation and b) the effects of B4C 

location in BWR assembly design on the degradation 

 

 
Figure 8: Control blade Degradation Facility on the left (a) and a view inside the furnace of 

sample fuel assembly inside the muffle. 

 

The large-scale LEISAN facility (Large-scale Equipment for Investigation of Severe Accidents 

in Nuclear reactors) was designed to perform experiments using custom-made test samples 

representing a part of real (either BWR or any other) fuel assembly with dimensions up to 120 x 

20 x 20 cm in Ar or in mixed steam/Ar at up to 1800 °C by means of graphite electrode direct 

electrical heating (see figure 8).  

 

During accident analysis of Fukushima Dai-Ichi Unit 2 it was recognised that there is a 

knowledge gap for a certain high-temperature degradation scenario, which includes an initial 

transient heat-up in steam-rich environment, following by prolonged steam starvation phase with 

a final slow cooldown (no quench). These conditions have, therefore been chosen for first 

priority investigation in the CLADS Mock-up Assembly DEgradation test-1 (CLADS MADE-

01). 

The fuel assembly has fuel rod simulators of zircaloy cladding filled with Al2O3 pellets. Figure 9 

shows a) the sample fuel assembly and b) a view of the cross-section of the fuel rods in two 

separate channel boxes and control blade between them consisting of the B4C absorber granules 

in 304L stainless steel claddings enclosed in a 316L stainless steel covering sheath. The final 

view c) shows the entire assembly enclosed in the SiC muffle and with thermocouple cabling. 

The ratios of the Zr/stainless/ absorber, material chemical composition and all gaps and 

dimensions were similar to those used in 1Fukushima Dai-Ichi unit 2. 
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Figure 9: View of the a) Assembly front and back, b) end view of fuel assembly showing control 

blade in the middle; c) fuel rod assembly with protective muffle of SiC-coated carbon & 

instrumentation in place. Overall sample weight 15.48 kg with weight ratio: Zr : SS : B4C ≈ 7 : 3 

: 0.2. 

 

Briefly the scenario consisted of heating through 4 phases of 1) preliminary oxidation at around 

865 °C in hot steam during 3 hours (preoxidation), 2) temperature ramp at 0.4 K/s under steam-

rich conditions up to 1475°C in 55 minutes, 3) isothermal steam starvation (in Ar) 45 minutes at 

1475 °C, 4) finally a slow cooldown by heat losses (no quenching). 

The degradation of the test sample could be observed through three ports for video cameras at 

the top, mid-point and low elevations. Figure 10 shows a) views of whole bundle on the left-hand 

side and on the right-hand side detailed views of b) the upper bundle part, c) the central part and 

d) the base of the bundle after the CLADS MADE-01 test. Most of the fuel rods and control 

blade claddings still remain in position although very distorted (Fig. 10a). There is significant 

relocation from the top and centre to the lower 300-500mm height and to the bottom. The 

distortion has probably happened at the time, when there has been significant relocation of melt 

that originated from the absorber blade upper part to the locations 300-550 mm (Fig. 10c) and to 

the bottom sections (Fig. 10 d)). Surprisingly most of the stainless steel control blade structures 

remained in position, even though the temperature was 1475 °C and there was enough B4C to 

react and fully liquefy them [19].  

The thermocouple data showed the relocation of absorber-containing material as there was slight 

cooling of the upper parts followed by a corresponding heating at a lower location. The video 

data also noted that the liquefied droplets showed a range of downward relocation speeds, 

candling on the surface of control blade or over the already-solidified material. In the region of 

blockage, the solidified melt could attach to the channel box surface. The initial oxide layer 

prevented wetting of channel box surface by relocating melt. The extended time of degradation 

(heating rate was only 0.4 K/s) resulted in the boride & carbide melt compositions with different 

melting temperatures and viscosities. Together with an axial temperature gradient it created a 

range of relocation rates.  

By comparison the six high temperature CORA tests (Tmax > 2000 °C) with BWR bundle 

[17,18] showed that the strongly oxidized, high temperature melt mixture (materials of fuel, 
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canister, absorber) were frozen at different middle bundle elevations, mostly at the top of grid 

spacers. Only absorber-rich metallic melt, that was formed already at lower temperatures, was 

relocated to the bundle bottom (lower plenum). The MADE-01 test, despite the prolonged steam 

starvation phase, has relocation as with CORA tests to an intermediate position (300-500mm) 

that is cooler or close to a grid spacer. Also, some of this relocation will have taken place during 

the transient, as seen in the CORA tests. There is enough of the channel box, as well as initial 

oxide layers on Zr parts to channel the debris vertically downward to particular locations. The 

lower sections show the frozen rivulets of the molten mixture of absorber and steel descending 

along the channel box walls, and the accumulation at lower levels. 

 

 
Figure 10 Post-test view of the assembly with control blade after the CLADS MADE-01 test; a) 

shows the whole bundle, b) the upper part, c) the central elevation with solidified absorber melt, 

d) assembly base with relocated melt. 

 

In the Figure 11 there is an example of a video snapshots where the different forms of liquid and 

solidified material can be seen. 

 



The 9th European Review Meeting on Severe Accident Research (ERMSAR2019) Log Number: 095 

Clarion Congress Hotel, Prague, Czech Republic, March 18-20, 2019 
 

 
Figure 11 Video snapshot from the port at 775mm height showing the relocation of liquefied 

material, some of which is candling down the surface and also material that is rapidly relocating 

to the bottom. 

 

A single snapshot of the fuel assembly (Fig.11) taken in the course of the transient shows the two 

possible relocation routes. Some material was flowing down the surface of the control blade and 

slowly freezes in colder region; some droplets went over the frozen material and further 

downward. There were also droplets, that detached themselves from frozen, projecting droplets 

and fell directly down to the cold base of the assembly. 

Analyses of the melt and the degraded absorber is still on-going, but initial results of the 

degraded B4C found at the top of the bundle shows some of the interactions that have occurred 

between the absorber and the stainless steel cladding. 

 

 
Figure 12 Optical micrograph and selected SEM analysis of an outer surface of a degraded B4C 

absorber rod, with a bright surface zone with intermediate, mixed zone of melt and degraded 

granules and intact B4C granules beneath. 

Fig. 12 shows a sample from the edge of the degraded B4C rod that reached approximately 

1475°C. The optical micrograph (Fig. 12-left) shows a bright, phase in contact with B4C 

granules. Some of these degrading granules in the mixed zone have roughened contours with 

local C enrichment. Further away from this zone the unaffected B4C granules in their original 

form can be seen (Fig. 12-centre). Detailed analysis of the bright zone of metallic appearance, 

indicated 2 main phases of mixed borides and carbides. One phase was Cr-rich (Fig. 12-right), 
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and also contained much more B than C (ie Cr-rich boro-carbide). the second phase was Fe-rich 

with more C than B (Fe-rich carbo-boride). The Ni associated mainly with Fe-rich phase. O was 

also absent, so this confirmed the bright metallic zone as boride/carbide. In the Cr-rich phase the 

Cr/Fe ratio is ~2 & B/C ratio is ~2.5, while the 2nd Fe-rich phase has a Cr/(Fe+Ni) ratio of ~ 0.2 

& a B/C ratio of ~0.67. This can be formulated as (Cr,Fe)(B,C) with a metal/borocarbide ratio of 

M2(B,C)3 and the Fe-rich phase is formulated as (Fe,Ni,Cr)(C,B) and a metal/carboboride ratio 

of MC.  

Other research on stainless steel (ss) and B4C interactions analysed similar phases. In reference 

[19], it was found that the ss liquefaction during interaction was very rapid with significant 

interaction at 1min at 1200°C for ss in contact with B4C cylinders representing 1wt%B4C. At 

higher B4C ratios (5wt%) they found a eutectic matrix was filled with needle precipitates of 

Fe/Cr borides containing some C of approx. formula, (Fe, Cr)n(B, C) (n = 1.8-2.7), The eutectic 

matrix composition was mixed (Fe,Cr,Ni) carbides without boron and also (Fe,Cr) borocarbides. 

Similar carbides and borocarbides were analysed in the solidified eutectic melt for 1 wt% B4C-ss 

test. Reference [20] found metal borides after interactions with B4C pellet and stainless steel, 

where a chronium boride layer formed at the interface and seemed to block the outward C 

diffusion. However, for interactions with B4C granules a more complex geometry was observed, 

and the stainless steel appeared to have melted and enveloped the granules and resulted in Cr-

rich mixed borides in the surrounding matrix, but left an outer ring on the granules that was 

enriched in C. Such enrichment was observed in our samples above (see Fig. 12 centre). Despite 

the mixed phases observed, these results confirm that the boron generally associates more with 

Cr, since Cr forms more stable borides than Fe.  

For the MADE-01 teste, where the steel cladding is in contact with granules, at temperatures 

above 1200°C, then initial diffusion of B & C into the Fe-based metal would cause a lowering of 

the steel mixtures melting point to below 1200°C (before the melting points rise again) [21, 22]. 

The video showed the relocation started at 1193 °C and then much more liquid material 

relocation at around 1200 °C, therefore it is thought that material could also have liquefied at this 

level of mainly B enrichment and relocated downward. The Cr-rich layer observed at the surface 

may be due to formation of a higher melting point Cr-rich borocarbide that had solidified as the 

remainder relocated.  

From this initial analysis, the impure iron carboboride with an overall formula MC is formed; 

rather than a Fe3C (cementite) that could be expected. CrB2 would be a possible structure for the 

Cr-rich borocarbide [19]. It is expected that future X-ray diffraction can assist in the detailed 

analysis of these complex compounds. Also, the variation of degradation products with height 

will also help assess the main processes and their timing/temperature which is important for the 

B4C control blade degradation.  

  



The 9th European Review Meeting on Severe Accident Research (ERMSAR2019) Log Number: 095 

Clarion Congress Hotel, Prague, Czech Republic, March 18-20, 2019 
 
4 Concluding Remarks 

 

.  

CLADS has joined the SAFEST project and has been able to contribute fully to the EU -Japan 

road-map as well as the experimental innovation and testing program by adding a range of 

advanced, even unique, high temperature test facilities and testing to the overall program. It was 

noted -EU corium road-map that In-vessel melt retention retains a high priority in Europe. For 

the Japan-EU road-map, there are specific issues such as BWR geometry (including absorber 

effects) and Ex-Vessel MCCI (including sea salt effects), hydrogen behaviour that have a high 

priority. 

The laser heating (LAHF) facility with exhaust gas analysis and the light-concentrating heating 

furnace are two devices that have been put into successful operation and are yielding results 

related to cladding & MCCI behaviour at very high temperatures. 

For issues specifically related to the BWR design, CLADS has commissioned and used major 

heating facilities; the LEISAN facility has been constructed to study the effects of the B4C 

absorber in the particular BWR geometry. The first test has already given important insights how 

local interactions are initiated and propagate under steam-starved conditions and suggest that 

some structures can still remain partially intact under non-oxidising conditions. This testing is 

being done in parallel to the QUENCH-20 test at KIT within the SAFEST experimental program 

and so will help understanding of the exact influence of the BWR bundle geometry, particularly 

its B4C distribution. 

The SAFEST project has maintained the excellence of the severe accident network to the benefit 

of all project members, including CLADS. It is hoped that such collaboration will continue in the 

future. 
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